Francisella tularensis, the causative agent of tularemia, is considered a potential bioterrorist agent. Important premises are an extremely low infectious dose and a potential for airborne transmission (6) . The two most clinically important entities of tularemia, type A and type B, correspond to the highly virulent subspecies F. tularensis subsp. tularensis and the moderately virulent F. tularensis subsp. holarctica, respectively (18, 24) . Taxonomic work has identified two additional subspecies, F. tularensis subsp. mediasiatica, exhibiting a moderate virulence, and "F. tularensis subsp. novicida," with a low virulence in animals and humans (24) . The latter subspecies has lessfastidious extracellular growth requirements than the other subspecies and a distinct lipopolysaccharide O-antigen (10, 29) .
Based on small subunit RNA sequences, F. tularensis is classified as a member of the ␥-subgroup of proteobacteria (24) . The two species F. tularensis and F. philomiragia and in addition a number of more recently identified tick endosymbionts are the only members of the genus Francisella, which diverges deeply among the ␥-proteobacteria (22, 27) .
Assuming that F. tularensis subspecies have evolved from a common ancestor, identification of genetic differences among subspecies might provide insights into species phylogeny and provides a basis for studies of more functional issues. Although exhibiting differences in virulence, geographical distribution, and a few biochemical tests, F. tularensis subspecies are highly similar in gene content (1) . Mapping of genetic differences will allow future exploration of their relationships to functional correlates. In a recent DNA-based study using highly mutable variable-number tandem repeat (VNTR) sequences dispersed over the genome, F. tularensis subsp. tularensis (type A) showed more diversity than F. tularensis subsp. holarctica (type B), suggesting the former subspecies to be evolutionarily older (11) . Significant linkage disequilibrium was detected among VNTR loci of F. tularensis, consistent with a predominantly clonal population structure.
The present work was based on findings from a whole-genome microarray study of multiple F. tularensis strains (1) . The microarray study identified large size regions of difference (RDs) among F. tularensis strains. Notably, a pair of direct repeated sequences flanked seven of eight identified RDs. We hypothesized that the presence of direct repeats in a genomic region would represent a propensity for interstrain variation of that region. Therefore, direct repeated sequences were searched for in the genome sequence of strain SCHU S4, and when identified, the corresponding genomic regions were assayed for variability among various strains of F. tularensis. In parallel, single nucleotide variations (SNVs) were analyzed by sequencing of internal fragments of genes of F. tularensis and related bacteria of the ␥-subgroup of proteobacteria. Bacteria and identification of genomic regions with direct repeats. Criteria for including F. tularensis strains in this study were to ensure maximum spatial and temporal diversity. Fortyfive isolates (Table 1) representing the four F. tularensis subspecies were selected from the Francisella Strain Collection (FSC) in Umeå, Sweden. Bacteria were grown on modified Thayer-Martin agar. Cells were suspended into phosphatebuffered saline and heat killed. DNA was prepared using silica and guanidine isothiocyanate buffer as described previously (23) .
A Perl script (detailed in the supplemental text) was devised to search for direct repeats in the, at that time, unfinished genome sequence of F. tularensis strain SCHU S4 (FSC237). The completed genome sequence is assigned accession no. AJ749949 in GenBank (13) . More than 70 genomic regions flanked by direct repeats were evaluated by PCR in a subset of five F. tularensis isolates that represented each of the four F. tularensis subspecies and the Japanese F. tularensis subsp. holarctica variant. Genomic regions that exhibited size polymorphism on agarose gels were further analyzed in 45 strains (Table 1) . PCR amplicons were sequenced to identify the junctions of the deletion/insertion events. Primer sequences for PCR amplification were posted in the supplemental material in Table S1 .
Use of unidirectional deletions for phylogenetic analysis. The use of RDs for phylogenetic analysis relies on an assumption of unidirectional deletion events that eventually become fixed in bacterial populations (phylogenetic lineages) (2, 14).
An RD was used for depicting evolution only when it was found to represent a deletion and not an insertion. Three criteria were used for excluding RDs from use in phylogenetic analysis. (i) The first criterion was whether the corresponding region in the SCHU S4 genome exhibited three or more closely localized direct repeats. We reasoned that the presence of more than two repeats might indicate an evolutionary history of genome amplification. Therefore, the SCHU S4 genome was scrutinized for repeats present in the vicinity of RDs (Ϯ10,000 bp). For a review of direct repeat mediated excision or amplification in bacteria, see references 19 and 20. (ii) The second criterion was whether the RD was flanked by multicopy insertion sequence elements. This criterion was based on an assumption that the genomic region is potentially prone to re- (Table 1) . Additionally, DNA was isolated from a freeze-dried ampoule of the type strain of the tick endosymbiont Wolbachia persica (ATCC VR-331) as described previously (23) . A set of seven genes was selected, previously used in multiple locus sequence typing of various bacteria: aroA, parC, pgm, tpiA, trpE, atpA, and uup (28) . Internal fragments of the genes were PCR amplified. Primer sequences for PCR amplification were posted in supplemental material in Table S1 . Amplification was successful for seven gene fragments from each F. tularensis strain and four gene fragments from W. persica (aroA, parC, tpiA, and atpA). PCR amplicons were sequenced on both strands using the amplification primers and standard protocol on an ABI 377 platform (PE Applied Biosystems). Sequences of gene orthologs in the genomes of Yersinia pestis (CO92) and Agrobacterium tumefaciens (C58) were retrieved from GenBank. Phylogenetic analyses were performed using concatenated nucleotide sequences, individual gene fragments, and concatenated in-frame-translated amino acid sequences. Maximum likelihood trees were reconstructed from DNA sequences by using PAUP v. 4.0b10 (25) as described previously (7) . The extent of pairwise congruence between individual gene trees was estimated by a method comparing the likelihood values calculated for single gene trees to the values for other gene trees and to 200 randomly generated trees of the same size (7). Congruence of gene trees indicates a common evolutionary history of investigated genes. Phylogenetic reconstruction from amino acid sequences was performed using PHYLIP (v. 3.6b). Phylogenetic methods are further detailed in the supplemental text.
Analysis of RDs among F. tularensis strains. PCR analysis of the genomes of 45 F. tularensis isolates identified 17 RDs in F. tularensis (Table 1) . Generally, PCR amplification showed the presence of one of two alternate fragment sizes for each RD and isolate. The pattern of amplification allowed an immediate subspecies identification. With very few exceptions, all isolates of a subspecies showed the same fragment size for each RD. A polymorphism was present at RD21-22 among isolates of a subspecies and at RD18-19 among variants of a strain.
F. tularensis genomes showing alternate PCR fragment sizes were sequenced across each RD. Alignment of sequences for each RD showed the smaller-sized PCR fragments to contain only one direct repeat and to be missing a large genomic segment compared to the SCHU S4 sequence. The boundary of the missing sequence was defined by the two direct repeats (Fig. 1) . Nucleotide degeneracy of flanking repeats allowed further analysis. We found each single repeat present in a smaller PCR fragment to be a composite repeat derived from fusion of a left and right flanking repeat ( Fig. 1; also Fig. S1 in the supplemental material). The finding is consistent with a deletion mechanism mediated by recombination of flanking repeats followed by excision of the intervening sequence. The deletion will be irreversible if two direct repeats were originally present and a single composite repeat is left after excision. As an alternative, two direct repeats may mediate genome amplification of intervening sequence as demonstrated for RD22 (Table 1) . At this locus, sequence analysis showed duplication (12 isolates) or triplication (3 isolates) of the region flanked by repeats (sequence data not shown).
Genes were truncated in isolates with smaller-sized PCR fragments at 16/17 RDs (Table 2; also Table S2 in the supplemental material). Only RD1c represents an intergenic sequence. RD11 and RD16-22 were identified and characterized de novo in this study and found to affect 12 open reading frames in the F. tularensis SCHU S4 genome (Table 2) . Gene content of RD1-7 has been previously described (1) and was further characterized in this study (Table S2 in the supplemental material). Among deleted genes, some require discussion with regard to virulence properties of various isolates. The gene pdpD of RD6 was recently suggested to play a role in F. tularensis virulence (15) . In concordance to previous analysis of a smaller number of isolates, we confirmed the gene to be deleted in all type B isolates including the live vaccine strain (1, 15) . Genes in RD18 and RD19 discriminated among isolates of individual subspecies. Genes in RD19 represent type IV pili building block proteins that were absent in, e.g., the live vaccine strain of F. tularensis. Homologous genes have been implied as virulence determinants in other bacteria (5) . Finally, genes in RD18 represent genes of a novel protein family unique to F. tularensis (13) . The latter genes were found to be deleted in an avirulent phenotype of strain SCHU (FSC043) and in the live vaccine strain of F. tularensis.
A deletion-based phylogeny of F. tularensis. Nine RDs fulfilled our strict selection criteria for a unidirectional genetic event (see above) and were included in the deletion-based phylogenetic analysis (Table 1 and Fig. 2 ). An evolutionary a Genes comprised by deletion at RD1-RD7 have been described by Broekhuijsen et al. (1) . Details of RD1-RD7 have been posted as supplemental material (Table  S2) .
b Position and gene name refer to the genome sequence of F. tularensis subsp. tularensis, strain SCHU S4 (13) . Boundaries of repeats were defined by use of a threshold value set at Ͼ65% nucleotide identity.
c Region of difference independently identified by Samrakandi et al. (21) . RD18 and RD19 correspond to L3 and L2, respectively. Four-gene phylogenetic trees were computed to describe the phylogenetic position of F. tularensis and its four subspecies among the gamma proteobacteria (Fig. 3) . To root the phylogeny, we used A. tumefaciens as outgroup, as the ␣-subgroup is considered ancient among gamma proteobacteria (8) . Y. pestis of the ␥-subgroup of proteobacteria was included as a second outgroup. In the phylogeny obtained, the tick endosymbiont W. persica is the first and deepest branch, thus representing an early divergence from a common Francisella ancestor. Among the four F. tularensis subspecies, F. tularensis subsp. novicida appeared to represent the first branching. The result is in agreement to findings of a greater amount of genetic divergence among tick endosymbionts or isolates of F. tularensis subsp. novicida compared to isolates of three other F. tularensis subspecies (4, 12, 22) . A greater diversity among isolates likely represents a longer evolutionary history. The four-gene trees demonstrated the split between F. tularensis subsp. tularensis/mediasiatica on one hand and F. tularensis subsp. holarctica isolates from Japan/Eurasia/North America on the other hand. Seven-gene trees illustrated the position of Japanese F. tularensis subsp. holarctica isolates close to but distinct from Eurasian/North American F. tularensis subsp. holarctica isolates (Fig. 3) . The five F. tularensis subsp. tularensis isolates were grouped into two distinct clades. Overall, the present SNV and deletion-based phylogenies support the genetic relationships of F. tularensis subspecies calculated from VNTR data, including a genetic division of type A isolates into two distinct clades recently designated A.I and A.II, respectively ( Fig. 2 and Fig. 3) (11) .
Ancestor of
The pairwise statistical comparisons of congruence between gene trees indicated that recombination across F. tularensis subspecies occurs rarely or not at all and justifies the use of concatenated gene sequences for tree reconstruction (data not shown). Based on the pattern of deletions and SNVs among isolates, we conclude that the distribution of fixed characters unique to F. tularensis subspecies reflects a genetic separation of subspecies and also that the subspecies have descended clonally.
Deletions that are specific to laboratory strains. Cell populations within a single F. tularensis strain might carry unique unidirectional deletions, i.e., at RD18-19 ( Table 1 ). The finding of unique deletion characters among bacterial colonies derived from a single bacterial seed stock suggests that regions flanked by direct repeats are prone to mutation in F. tularensis genomes. Under natural evolution, it appears that direct repeat-mediated deletions only rarely became fixed, as illustrated in our analysis across F. tularensis subspecies. According to our results, the majority of observed deletions might be regarded as evolutionary footprints in F. tularensis genomes spanning over wide evolutionary time scales. In contrast, it seems that laboratory culture on artificial media facilitates the fixation of deletion variants. We suggest that deletion at RD18-19 might on November 11, 2017 by guest http://jb.asm.org/ represent genetic events that occurred at the laboratory during passage or storage of F. tularensis strains. This is supported by the finding of a mix of two distinct cell populations that exhibit these RDs in laboratory stocks of strains FSC074 (RD19) and FSC158 (RD18) ( Table 1) . Based on sequence analysis, direct repeat-mediated excisions at RD18 and RD19 have occurred also in the genome of the live vaccine strain of F. tularensis. The live vaccine strain was derived during repeated passages on artificial media (26) . Thus, it seems plausible that the fixation of a deletion variant (the live vaccine strain) was facilitated by a repeated selection of single colonies during laboratory passages. It remains to be determined if genes located in RD18 and/or RD19 have a role in the attenuation of the live vaccine strain, the Russian vaccine strain 015 (FSC338), and the avirulent phenotype of the SCHU strain (FSC043). All virulence-attenuated strains included in this study showed deletion at RD18 and/or RD19. Nucleotide sequence accession numbers. All sequences reported in this paper have been deposited in the GenBank database with accession no. AY794406 to AY794434 (RD2 to RD7, RD11, RD16-22) and AY794435 to AY794543 (SNVs in seven gene fragments). Sequences of RD1 are assigned accession no. AF469614 to AF469619 (1).
